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1
ANIMAL MODEL FOR SCHIZOPHRENIA

FIELD OF THE INVENTION

The present Invention relates to an animal model which
exhibits neuropathological and behavioral features associ-
ated with human schizophrenia. More specifically, the inven-
tion 1s an 1n vivo method of preparing an animal model of
human schizophrenia. Such a model 1s usetul for screening,
and 1dentifying potential therapeutic agents in the treatment
ol schizophrenic symptoms in humans.

BACKGROUND OF THE INVENTION

Throughout this application, various references are cited in
parentheses to describe more fully the state of the art to which
this invention pertains. The disclosure of these references 1s
hereby incorporated by reference in their entirety into the
present-disclosure.

Schizophrenia can be broadly defined as any of a group of
psychotic disorders usually characterized by withdrawal
from reality, illogical patterns of thinking, delusions, and
hallucinations, and accompanied 1n varying degrees by other
emotional, behavioral, or intellectual disturbances. In addi-
tion to the behavioral abnormalities, several post-mortem and
in-vivo 1maging studies of schizophrenic brains have
described a number of structural defects, including loss of
nerve fibers and synaptic markers, a reduced size and number
of nerve cells, aberrant distribution of nerve cells, and ven-
tricular enlargement (Volk, Austin, Pierr1 Sampson and
Lewis, American Journal of Psychiatry 2001, 158: 256-263:
Woo, Whitehead, Melchitzky and Lewis, Proceedings of the
National Academy of Science U.S.A. 1998, 95: 5341-5346;
Chua and McKenna. British Journal of Psychiatry 1995, 166:
563-582: Lewis and Levitt, Annual Review of Neuroscience
2002, 25:409-432; Harrison, P. J. 1999, Brain 122; 593-624).

Schizophrenia 1s associated with dopamine 1imbalances 1n
the brain. It 1s believed that schizophrenia may be caused by
genetic, other biological, and psychosocial factors. A number
of epidemiological, postmortem and 1n-vivo imaging studies
have indicated that early developmental injury and conse-
quent defective cerebral cortical organization may underlie
the adult manifestation of schizophrenic symptoms (Chua
and McKenna, British Journal of Psychiatry 19935,166: 563-

582; Marenco and Weinberger, Developmental Psychopa-
thology 2000, 12: 501-3527).

While animal models have been developed to represent
some features of schizophrenia, none have shown any struc-
tural neuropathological features similar to those described in
post-mortem brains of schizophrenic patients (Kokkimidis
and Anisman, Psychological Bulletin 1980, 88: 531-579;
Lipska, Jaskiw and Weinberger, Neuropsychopharmacology
1993, 9: 67-75; Uehara, Tan11, Sumlyoshi and Kurachi, Brain
Research 2000, 860: 77-86).

U.S. Pat. No. 6,549,884 discloses an animal model exhib-

iting certain behaviors associated with human schizophrenia.
A neurotoxin 1s used to mnduce neonatal lesions of the ventral
hippocampus 1n animals that have not yet reached puberty
(Lipska, Jaskiw and Weinberger, Neuropsychopharmacology
1993, 9: 67-73). This model 1s limited 1n that only behavioral
abnormalities consistent with enhanced mesolimbic dopam-
ine hyper-responsivity to environmental stress or pharmaco-
logical challenge are manifested in post-pubertal life. This
model does not show any structural changes described in
post-mortem or 1n-vivo examinations ol schizophrenic
brains. Furthermore, the lesion inflicted bilaterally i the
ventral hippocampus in the prepubescent animal persists in
adulthood as large, permanent structural damage to the ven-
tral hippocampal area therefore precluding behavioral and
cognitive testing involving intact hippocampal circuitry.

Recently, a modified method of neonatal ventral hippoc-
ampal lesioming has been described (Lipska Halim, Segal and
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Weinberger, Journal of Neuroscience 2002, 22: 2835-2842).
This method produces animals showing certain behavioral
features of enhanced post-pubertal emergence of dopamine
hyper-responsitivity with apparently normal ventral hippoc-
ampus Nevertheless, the resultant animals do not show any
neuropathological abnormalities of schizophrenia.

Presently, none of the animal models used 1n schizophrenia
research show any neuropathological features of the disease.
It would therefore be beneficial to provide a schizophrenia
amimal model that overcomes the limitations of currently used
models. More specifically, 1t would be usetul to establish an
amimal model of schizophrenia that exhibits neuropathologi-
cal and behavioral features of human schizophrenia with
apparently intact thalamic, hippocampal, cortical and subcor-
tical circuits similar to that seen In schizophrenic patients. A
desirable animal model would exhibit both neuropathological
and behavioral features closely resembling the disease 1n
humans and prove usetul for the 1dentification of pharmaceu-
tical compounds for their potential antipsychotic property
and effects on cognitive function. Such a model could also be
employed 1n studies to determine the mechanisms underlying
the manifestation of behavioral and cognitive symptoms of
schizophrenia and to Identify potential molecular targets to
treat schizophrenic symptoms.

SUMMARY OF THE INVENTION

The present invention 1s an animal model of schizophrenia.
The mvention also encompasses a new method for making an
amimal model of schizophrenia.

The animal model of the invention exhibit neuropathologi-
cal and behavioral features of schizophrenia with apparently
intact thalamic, hippocampal, cortical and subcortical circuits
as seen 1n human schizophrenic patients. The animal model of
the 1nventionexhibits behavioral changes 1ndicating
enhanced subcortical dopamine responsivity manmifested only
in post-pubertal amimals; diminished GABA transporter-1
immunoreactive synapses in the prefrontal cortex; altered
laminar distribution as well as loss of GABAergic terminals
in the prefrontal cortex; decreased density of dopamine fibers
in the lower layers of the prefrontal cortex; and moderately
enlarged lateral and third ventricles. These neuropathological
changes are frequently observed in postmortem studies 1n
human schizophrenic brains.

The schizophrenia animal model of the present invention 1s
made by a method comprising the premature elimination of
subplate cells 1n the developing prefrontal cerebral cortex 1n
an animal. The subplate cells are eliminated during a “critical
period” which is defined as the time period when thalamic and
dopaminergic fibers begin to invade the developing prefrontal
cortex. This critical period lasts until the subplate cells of the
developing prefrontal cerebral cortex die. During this critical
period, subplate cells express the p75 receptor (the nerve
growth factor receptor) but do not express the trkA receptor
(another neurotrophin nerve growth factor receptor). The
climination of subplate cells during such a critical period
leads to neuropathological and behavioral features of human
schizophrenia.

In one aspect of the invention, subplate cells of the prefron-
tal cortex are eliminated by the admimistration of an agent that
kills or suppresses the function of these cells. The agent 1s
administered 1n an amount and time to essentially kill or
suppress the function of the subplate cells of the developing
prefrontal cortex during the critical period established for the
amimal, 1n one embodiment, this 1s accomplished by the
intracerebral administration of nerve growth factor into the
subplate cells of the prefrontal cortex. The nerve growth
factor may be directly intracerebrally administered 1n one
dose or 1n a series of doses to effectively kill or suppress the
activity ol the subplate cells of the prefrontal cortex. Once the
subplate cells are substantially killed or their activity 1s sui-
ficiently suppressed, the animal 1s allowed to mature past
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puberty at which time the animal develops neuropathological
and behavioral features of schizophrenia.

According to another aspect of the present invention, there
1s provided an animal model for schizophrenia, the animal
exhibiting neuropathological and behavioral features of
human schizophrenia.

According to another aspect of the present mnvention 1s a
post-natal animal substantially devoid of subplate cells in the
developing prefrontal cerebral cortex. In embodiments of the
invention, the amimal 1s about 3-4 days post-natal. In other

embodiments, such as in primates, the animal 1s pre-natal
(fetal).

According to still another aspect of the present invention 1s
an amimal exhibiting neuropathological and behavioral fea-
tures consistent with human schizophrema, said animal hav-
ing the normal development of the prefrontal cortex modified
by the premature elimination of the subplate cells during
pre-natal or early postnatal life.

According to another aspect of the present invention 1s an
amimal model for schizophrenia, wherein said animal has had
subplate cells 1in the developing cerebral cortex substantially
climinated during a critical period when thalamic and dopam-
inergic fibers begin to invade the developing prefrontal cortex
until the subplate cells 1n the developing prefrontal cerebral
cortex undergo natural death, such animals exhibiting neuro-
pathological and behavioral features of human schizophrema
upon maturation of the animal. In an embodiment, this critical
period 1s the neonatal period for amimals such as rats and mice
and 1n another embodiment this critical period 1s the fetal
period for amimals such as monkeys.

According to another aspect of the present invention 1s an
amimal model for schizophrenia, the animal exhibiting one or
more of the following;

enhanced subcortical dopamine responsivity manifested
alter puberty;

diminished GABA transporter-1 immunoreactive synapses
in the prefrontal cortex;

altered laminar distribution as well as loss of GABAergic
terminals 1n the prefrontal cortex;

decreased density of dopamine fibers 1n this lower layers of
the prefrontal cortex; and

moderately enlarged lateral and third ventricles.

According to yet another aspect of the present invention, 1s
a method for making an animal model of schizophrenia, the
method comprising:

substantially eliminating or suppressing the activity of sub-
plate cells 1n the developing cerebral cortex during a
critical period of said amimal, wherein said critical
period 1s the time when thalamic and dopaminergic
fibers begin to 1nvade the developing prefrontal cortex
until subplate cells of the prefrontal cerebral cortex
under go natural death; and

allowing the animal to mature past puberty.

This critical period for an animal 1s typically during the
neonatal or fetal period.

According to yet another aspect of the ivention, 1s a
method for making an animal model of schizophrenia, the
method comprising:

administering an agent to subplate cells 1n the developing

prefrontal cortex of a neonatal or fetal animal wherein
said agent substantially kills or suppresses the function
of said subplate cells; and

allowing the animal to mature past puberty.

According to another aspect of the invention, 1s a method
for making an animal model of schizophrenia, the method
comprising;

administering a substance systemically to an animal in

order to cause a substantial loss or dysfunction of the
subplate cells of the developing prefrontal cortex, and

allowing the animal to mature past puberty.
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According to still another aspect of the invention 1s a
method of testing the efficiency of a therapeutic agent for
treating schizophrema, the method comprising;
evaluating schizophrenic symptoms of a post-pubertal ani-
mal having subplate cells 1n the developing prefrontal
cortex eliminated during a critical period of the animal
when thalamic and dopaminergic fiber begin to invade
the developing prefrontal cortex until subplate cells of
the pretfrontal cerebral cortex under go natural death;

contacting said animal with a therapeutic agent; and

re-evaluating the symptoms of said animal, wherein pre-
vention, delayed onset, reduction of one or more of the
symptoms or a modification of the progress of disease of
said animal indicating the therapeutic agent 1s etfica-
cious for treating schizophrenia.

According to yet another aspect of the present invention 1s
a post-natal or fetal animal substantially devoid of subplate
cells 1n the developing prefrontal cerebral cortex, via the
apoptosis of said cells by the intracerebral injection of an
agent or administration of an agent or agents by other routes
that promotes said apoptosis.

Other features and advantages of the present invention will
become apparent from the following detailed description. It
should be understood, however, that the detailed description
and the specific examples while indicating embodiments of
the mvention are given by way of illustration only, since
various changes and modifications within the spirit and scope
of the imvention will become apparent to those skilled 1n the
art from said detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully understood
from the detailed description given herein and from the
accompanying drawings, which are given by way of illustra-
tion only and do not limit the intended scope of the invention.

FIG. 1 1s a histogram showing the total duration of snitfing
behavior at 5 weeks (1n seconds per 1 hour) in control (neo-
natally saline imjected) or experimental (neonatally nerve
growth factor injected) animals when challenged with an
injection of saline or d-amphetamine. The sniffing represents
dopamine activity in the striatum. Amphetamine i1njection
increases sniffing in both groups of animals as expected. At 5
weeks, no differences are seen between control and experi-
mental animals. [n=30].

FIG. 2 1s a histogram showing the total duration of snitfing
behavior at 10 weeks (in seconds per 1 hour) 1n control
(neonatally saline injected) or experimental (neonatally nerve
growth factor injected) animals when challenged with an
injection of saline or d-amphetamine. Amphetamine 1njection
increases sniifing 1 both groups of anmimals. At 10 weeks, no
differences are seen between control and experimental ani-
mals indicating striatal dopaminergic activity 1s comparable
[n=36].

FIG. 3 1s a histogram showing the total duration of loco-
motor behavior at 5 weeks (1n seconds per 1 hour) 1n control
(neonatally saline 1njected) or experimental (neonatally nerve
growth factor injected) animals when challenged with an
injection of saline or d-amphetamine. The 1mitiation of loco-
motion 1s associated with enhanced dopamine activity 1n the
nucleus accumbens. Amphetamine injection increases the
total duration of locomotion 1n both groups of animals as
expected. At 5 weeks, no differences 1n the total duration of
locomotion are seen between control and experimental ani-
mals, [n=30].

FIG. 4 1s a histogram showing the total duration of loco-
motor behavior at 10 weeks (in seconds per 1 hour) 1n control
(neonatally saline injected) or experimental (neonatally nerve
growth factor injected) animals when challenged with an
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injection of saline or d-amphetamine, Results show thatat 10
weeks, d-amphetamine induces a significantly increased
locomotor behavior 1n experimental animals indicating an
increased dopaminergic activity in the nucleus accumbens.
[n=36].

FIG. 5 1s a histogram showing the total duration of rearing,
behavior at 5 weeks (in seconds per 1 hour) 1n control (neo-
natally saline ijected) or experimental (neonatally nerve
growth factor injected) animals when challenged with an
injection of saline or d-amphetamine. Rearing 1s associated
with enhanced dopamine activity 1n the nucleus accumbens.
Results show that at 5 weeks, no differences are seen between
control and experimental animals. [n=30].

FIG. 6 1s a histogram showing the total duration of rearing,
behavior at 10 weeks (in seconds per 1 hour) in control
(neonatally saline 1njected) or experimental (neonatally nerve
growth factor injected) animals when challenged with an
injection of saline or d-amphetamine. At 10 weeks, d-amphet-
amine induces a significantly increased rearing 1n experimen-
tal animals indicating an increased dopaminergic activity in
the nucleus accumbens. [n=36].

FIGS. 7(A), (B) (C) and (D) are photomicrographs show-
ing parvalbumin immunoreactivity in the prefrontal cortex of
an adult control rat (A) and an adult rat received neonatal
injections of nerve growth factor (B). Parvalbumin labels a
subpopulation of GABAergic neurons and terminals 1n rat
cortex. FIGS. (C) and (D) show magnified view of boxes
outlined 1n (A) and (B), respectively. The experimental ani-
mals show altered laminar distribution of parvalbumin immu-
noreactive terminals. However, the neuronal number 1s com-
parable between control and NGF-treated animals (see table).

FIGS. 8(A) and (B) are photomicrographs showing GABA
transporter-1 immunoreactivity 1n the prefrontal cortex of an
adult control rat (A) and an adult rat received neonatal 1njec-
tions of nerve growth factor (B). GABA transporter-1 immu-
noreactive synapses (arrows) are lfewer in ammals that
received neonatal nerve growth factor injections.

FIGS. 9(A) and (B) are photomicrographs showing immu-
noreactivity ol activated caspase-3 1n subplate cells (SP) in
the prefrontal cortex of a six day-old rat pup that received
intracercbral daily injections of nerve growth factor on post-
natal days 2, 3 and 4. Area In (A) 1s magnified 1n (B). Acti-
vation of caspase-3 indicates that these cells are undergoing,
apoptosis.

FIGS. 10(A) and (B) are photomicrographs showing
tyrosine hydroxylase immunoreactivity in the prefrontal
core)t of an adult control rat (A) and an adult rat recerved
neonatal injections of nerve growth factor (B). Tyrosine
hydroxyvlase 1s the rate-limiting enzyme of dopamine synthe-
si1s and used here as a marker. The density of tyrosine
hydroxyvlase labeled fibers 1s considerably decreased 1in lower
layers (layer VI) of the prefrontal cortex in animals that
received neonatal nerve growth factor injections (B) 1n com-
parison to control animals (A),

FIG. 11 1s a photomicrograph showing coronal sections
through the lateral ventricles (V) of a control rat sacrificed at
6 months of age (A) and a rat that received neonatal injections
of NGF sacrificed at 6 months of age (B). Note that the
volume of lateral ventricles have increased considerably in rat
that received neonatal 1injections of NGF.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention provides a novel animal model for
humans schizophrenia useful for identifying pharmaceutical
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compounds for anti-schizophrenic activity. The invention 1s
also a novel 1n vivo method for the production of an animal
model for schizophrenia.

The method of the invention 1s based on the novel demon-
stration that premature elimination of subplate cells 1n the
developing prefrontal cortex in postnatal rats leads to the
abnormal layer-specific distribution of dopaminergic fibers
within the prefrontal cortex. This 1s associated with subcor-
tical dopaminergic hyperactivity similar to that seen in
schizophrenia.

In the normal brain, dopaminergic fibers are distributed
mainly 1n lower layers of the prefrontal cortex, Dopaminer-
gic-fibers are abnormally distributed within the prefrontal
cortex in schizophrenic patients with very low density in the
lower layers (Akil, Pierri, Whitehead, Edgar, Mohila, Samp-
son and Lewis, American Journal of Psychiatry 1999, 156:
1580-1589). Recent unpublished work by the inventor 1ndi-
cated that eliminating dopaminergic fibers from the lower
layers of the prefrontal cortex 1n adult rats by intracerebral
stereotaxic mjections of dopamine-specific neurotoxin, 6-hy-
droxydopamine, resulted in markedly enhanced subcortical
dopaminergic activity to systemic injections of amphetamine.
Based on this work the inventor believed that abnormal lami-
nar distribution of dopaminergic fibers in the prefrontal cor-
tex may be responsible for the enhanced dopaminergic activ-
ity seen in schizophrenia. While abnormal distribution of
dopaminergic fibers has been described 1n the prefrontal cor-
tex in schizophrenic brains (Akil, Pierri, Whitehead, Edgar,
Mohila, Sampson and Lewis, American Journal of Psychiatry
1999, 156:1580-1589), this has never implicated 1n the mani-
festation of dopaminergic hyperactivity.

Subplate cells are known to play a role 1n proper targeting
of thalamic fibers within the developing visual cortex in cats
and ferrets (Allendoserfer and Shartz, Annual Review of Neu-
roscience 1994, 17:185-218). Ablation of subplate cells prior
to 1nvasion of thalamic fibers into the developing cortical
plate results in the abnormal distribution of thalamic fibers in
the visual cortex (Ghosh, Ciba Foundation Symposium 1995,
193: 150-172). The role that subplate cells may play 1n tha-
lamic fiber mvasion of the prefrontal cortex i1s unknown.
Moreover, an association between subplate cells and dopam-
inergic fibers has never been described.

The subplate layer consists of a transient population of
cells accumulated underneath the developing cerebral cortex.
In humans, subplate cells are generated during 7-9 weeks of
gestation and stay until the 357-37” week of gestation (Su-
per, Soriano and Uylings, Brain Research Reviews 1998,
2'7:40-64). It has been shown that incoming thalamocortical
fibers make synaptic contacts with subplate cells and literally
wait for a considerable length of time within the subplate
layer prior to invading the overlying cerebral cortex (Allen-
doerfer and Shartz, Annual Review of Neuroscience 1994,
17:185-218). This 1nteraction 1s thought to be necessary for
proper target finding of thalamocortical) fibers at least in the
visual cortex (Allendoerfer and Shartz, Annual Review of
Neuroscience 1994 ,17:185-218). Subsequently, majority of
the subplate cells dle and the remaining subplate cells become
the intestinal neurons of the white matter (Allendoerfer and
Shartz, Annual Review of Neuroscience 1994, 17:185-218;
Super, Soriano and Uylings, Brain Research Reviews 1998,
2'7:40-64),

The present invention demonstrates that the premature
climination of subplate cells in an animal at a critical time
period when thalamic and dopaminergic fibers start invading
the developing prefrontal cortex up until the subplate cells
under go natural death, results 1n abnormal distribution of
thalamic and dopaminergic fibers within the prefrontal cor-
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tex. The critical period 1s characterized by the expression of
the p75 receptor 1n the absence of the expression of the trkA
receptor, This subsequently manifests itself 1n neuropatho-
logical and behavioral features closely resembling human
schizophrenia when the animal reaches puberty.

In the present invention, the development of the prefrontal
cortex 1n an animal has been modified by prematurely elimi-
nating the subplate cells, a transient cell layer 1n the develop-
ing prefrontal cortex. Premature elimination of the subplate
cells 1n the developing prefrontal cortex was achieved by a
series ol intracerebral injections of nerve growth factor
administered during the neonatal or fetal period of an animal.
Nerve growth factor 1s not a neurotoxin, but a protein nor-
mally found 1n the brain and essential for the survival and
maintenance of certain types of neurons. The method of injec-
tion adopted only atlects the subplate cells of the prefrontal
cortex and does not affect the hippocampus or any other parts
of the cerebral cortex. The injected animals grow normally
until they become adults, and then they begin to show behav-
ioral changes indicating enhanced subcortical dopamine
responsivity, a feature demonstrative of schizophrenia. The
amimals also show markedly diminished GABA transporter-1
immunoreactive synapses 1n the prefrontal cortex, altered
laminar distribution of GABAergic terminals 1n the prefrontal
cortex, decreased density of dopamine fibers 1n the lower
layers of the prefrontal cortex, and moderately enlarged lat-
eral and third ventricles. These neuropathological changes
are frequently observed in postmortem studies in schizo-
phrenic brains.

In the present invention, the applicant eliminated the sub-
plate cells of rats beginming at postnatal day 2 just 4 days prior
to the cells natural death. This resulted 1n abnormal distribu-
tion of dopaminergic fibers in the prefrontal cortex in the rat
(marked decrease 1 lower layers), and the development of
adult-onset dopaminergic hyperresponsivity along with sev-
eral neuropathological abnormalities associated with human
schizophrenia. In rats, the subplate cells are born at embry-
onic days 11-12 (rat’s gestation period 1s 21 days). Thalamic
and dopaminergic fibers start invading the overlying cortical
plate at birth and the majority of subplate cells die by post-
natal day 6 (Super, Sornano and Uylings, Brain Research
Reviews 1998, 27:40-64).

In the method of the mvention, intracerebral injections of
nerve growth factor are administered into the developing
prefrontal cortex resulting in apoptosis of the subplate cells
via a p75 receptor (the nerve growth factor (INGF) receptor)
dependent mechanism. This novel method allows for the
selective and effective elimination of subplate cells in post-
natal rat brain via apoptosis without causing any substantial
mechanical, 1schemic or inflammatory lesion. Although,
studies have indicated abnormal levels and function of neu-
rotrophic factors including nerve growth factor in adult
schizophrenic patients (Aloe, lannitelli, Angelucci, Bersani
and Fiore, Behavioral Pharmacology 2000, 11: 235-242), a
link between the etiology of schizophrenia and nerve growth
factor has never been described 1n addition, the presence of
neurotrophic factor predisposing or leading to a brain disease
condition has never been considered. Subplate cells express
neutrotrophin receptor p 735 (Allendoerter and Shartz, Annual
Review of Neuroscience 1994, 17:185-218) and 1n rats, the
subplate cells express neurotrophin receptor p75 postnatally
from day 2-6. During the first postnatal period, no trk-A
receptors (another type of neurotrophin receptor) are
expressed 1n the developing cerebral cortex 1n rats. When a
cell co-expresses both p75 and trk-A receptors, nerve growth
factor normally facilitates survival of that cell (Friedman and

Greene, Experimental Cell Research 1999, 253: 131-142).
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However, 1n the absence of trk-A receptors, nerve growth
factor acting on p75 receptor alone can induce apoptosis or

cell death (Frade, Rodriguez-Tebar and Barde, Nature 1996,
383: 166-168). Although nerve growth factor induced p75
receptor mediated apoptosis has been described in certain cell
types, 1t has never been demonstrated 1n neurons in vivo, nor
has such apoptosis been linked to the development of schizo-
phrenia

The following 1s mvolved in the production of the animal
schizophrenia model of the invention.

(1) Killing or Suppressing the Subplate Cells 1n the Devel-
oping Cerebral Cortex.

This 1s done by introducing a suitable agent that specifi-
cally targets and substantially kills or suppresses the function
of the subplate cells. Any agent that can 1nitiate the death of
these cells or substantially suppress their function without
substantially affecting surrounding tissues 1s encompassed by
the present invention. Suitable agents for use 1n the present
invention include but are not limited to nerve growth factor
and functional analogues thereot as well as synthetic peptide
mimetics, small molecules, other organic and inorganic com-
pounds, agonists that interact specifically with the p735 neu-
rotrophin receptor or its signaling pathways leading to the
induction of apoptosis of the subplate cells and mixtures
thereof. The present invention also includes compounds that
may selectively affect subplate cell viability or function 1n the
developing cerebral cortex via non p75 receptor dependent
mechanisms. One of skill 1n the art can readily determine
whether an agent binds and thus interacts with the p75 neu-
rotrophin receptor of subplate cells using assays known 1n the
art. The preferred agent for use i the present invention 1s
nerve growth factor.

Also within the scope of the present invention 1s the use of
pro-nerve growth factor and 1ts analogues as the agent to
tacilitate the death or suppression of subplate cells. Pro-nerve

growth factor that has increased increased aflinity (>1000
told) for p76 receptors (Roux, P. P. and Baker, P. A. (2002),

Progress in Neurobiology 67:203-233; Lee, F. S., Kim, A. H.,
Khursigara, G. and Chao, M. V. (2001), Current Opinion 1n
Neurobiology 11:281-286.

The nerve growth factor (INGF) for use 1n the invention can
be naturally 1solated or recombinantly produced human NGF
(hNGF) (or other mammalian NGF) that can be administered
as the pure or substantially pure compound. As NGF 1s
soluble, 1t can be provided dissolved 1n a suitable vehicle and
delivered directly to the developing prefrontal cerebral cor-
tex. Methods for making recombinant hNGF are disclosed for
example 1n U.S. Pat. No. 5,082,774 (the contents of which are
disclosed herein in 1ts entirety). The nucleotide sequence
encoding hNGF 1s disclosed 1n U.S. Pat. No. 5,288,622 and
described 1n Johnson, D., et al., Cell, 47:545-554 (1986) (the
contents of which 1s incorporated herein by reference in 1ts
entirety). NGF vanants that may also be used 1n the present
invention are disclosed for example in U.S. Pat. Nos. 6,365,
3’73 and 6,333,310 (the disclosures of which are herein incor-

porated by reference in their entirety).

“Functionally equivalent variants™ or “analogues™ of nerve
growth factor includes peptides with partial sequence homol-
ogy, peptides having one or more specific conservative and/or
non-conservative amino acid changes, peptide conjugates,
chimeric proteins, fusion proteins and peptide encoding
nucleic acids. The functionally equivalent variants maintain
the biological activity of the native peptide. One skilled 1n the
art would readily be able to determine what functionally
equivalent variants or analogues of nerve growth factor may
€ncompass.
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In terms of “functional analogues™, 1t 1s well understood by
those skilled 1n the art, that inherent in the definition of a
biologically functional peptide analogue 1s the concept that
there 1s a limit to the number of changes that may be made
within a defined portion of the molecule and still result in a
molecule with an acceptable level of equivalent biological
activity. A plurality of distinct peptides/proteins with differ-
ent substitutions may easily be made and used in accordance
with the mvention. It 1s also understood that certain residues
are particularly important to the biological or structural prop-
erties of a protein or peptide such as residues 1n the receptor
recognition region, such residues of which may not generally
be exchanged.

Functional analogues can be generated by conservative or
non-conservative amino acid substitutions. Amino acid sub-
stitutions are generally based on the relative similarity of the
amino acid side-chain substituents, for example, their hydro-
phobicity, hydrophilicity, charge, size and the like. Thus,
within the scope of the invention, conservative amino acid
changes means, an amino acid change at a particular position
which 1s of the same type as originally present; 1.e. a hydro-
phobic amino acid exchanged for a hydrophobic amino acid,
a basic amino acid for a basic amino acid, etc. Examples of
conservative substitutions include the substitution of one-
polar (hydrophobic) residue such as 1soleucine, valine, leu-
cine or methionine for another, the substitution of one polar
(hydrophilic) residue for another such as between arginine
and lysine, between glutamine and asparagine, between gly-
cine and serine, the substitution of one basic residue such as
lysine, arginine or histidine for another, or the substitution of
one acidic residue, such as aspartic acid or glutamic acid for
another, the substitution of a branched chain amino acid, such
as 1soleucine, leucine, or valine for another, the substitution of
one aromatic amino acid, such as phenylalanine, tyrosine or
tryptophan for another. Such amino acid changes result in
functional analogues 1n that they do not significantly alter the
overall charge and/or configuration of the peptide. Examples
of such conservative changes are well-known to the skilled
artisan and are within the scope of the present invention.
Conservative substitution also includes the use of a chemi-
cally derivatized residue 1n place of a non-derivatized residue
provided that the resulting peptide 1s a biologically functional
equivalent to the nerve growth factor protein.

The present invention also contemplates non-peptide ana-
logues of nerve growth factor for use 1n the mvention, e.g.
peptide mimetics that provide a stabilized structure or less-
ened biodegradation. Peptide mimetic analogues can be pre-
pared based on a selected nerve growth factor peptide
sequence by replacement of one or more residues by non-
peptide moieties. Preferably, the non-peptide moieties permit
the peptide to retain its natural conformation, or stabilize a
preferred, e.g. bioactive confirmation. Such peptides can be
tested 1n molecular or cell-based binding assays to assess the
eifect of the substitution(s) on conformation and/or activity.
The preparation of non-peptide mimetic analogues from the
peptides of the invention can be done, for example, as taught
in Nachman et al., Regul. Pept. 57: 359-370 (1995).

In one embodiment of the invention the nerve growth factor
1s administered directly into the subplate cells of the prefron-
tal cortex. This 1s preferably done by intracerebral adminis-
tration. Any direct method of delivering the nerve growth
factor to the subplate cells may be encompassed by the
present invention. The amount of nerve growth factor 1s the
amount required to substantially kill and substantially sup-
press the activity of the subplate cells and can be readily
determined for a particular animal and confirmed using stan-
dard histological methods (for example immunocytochemis-
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try and 1n s1tu hybridization) which can identify cells under-
going apoptosis using standard apoptosis markers such as but
not limited to caspase III. The nerve growth factor may be
administered 1n one dose or alternatively, 1n a series of doses.
As a single dose, the nerve growth factor may be provided in
a dose and manner to provide for an extended release. The
amount ol nerve growth factor required in the method of the
invention 1s such that to cause a substantial number of the
subplate cells to undergo apoptosis, This may be about at least
25% to 30% of the subplate cells of the developing cerebral
cortex leading to the mamifestation of neuropathological and
behavioral features of human schizophrenia at maturity of the
animal.

The nerve growth factor must be administered during a
“critical period” which 1s defined as the time period when
thalamic and dopaminergic fibers begin to mvade the devel-
oping prefrontal cortex. This critical period lasts until the
subplate cells of the developing prefrontal cerebral cortex
undergo natural death. During this critical period the subplate
cells express the p75 receptor but not the trkA receptor. The
critical period for rats and mice falls during the first week of
neonatal period and 1n monkeys falls during the fetal period.
Specifically, for rats and mice this period falls on about days
3-4 after birth. FIGS. 9A and 9B show that postnatal injec-
tions of NGF induces apoptosis of the subplate cells, in mon-
keys the critical period occurs during the fetal period and 1s
readily determined by one of skill in the art based on the
developmental pattern of thalamocortical and dopaminergic
fibers within the developing prefrontal cortex and the pres-
ence ol p735 expression by the subplate cells. Therefore, the
present invention 1s not limited to only rats, mice and monkey
amimal schizophrenia models, butrather any animal so long as
the critical period 1s first determined. The method of the
invention 1s applicable for the production of animal models
for schizophrenia in variety of species of amimals. In particu-
lar, the creation of a non-human primate model of schizophre-
nia 1s desirable for more elaborate behavioral and cognitive
testing.

(2) Raising the Animals Until they Reach Puberty in Stan-
dard Living Conditions.

(3) Objectively Measuring the Animals Behavior to Elicit
Dopaminergic Hyperresponsivity in the Brain Once Animals
Have Reached Puberty.

Behavioral testing may include those tests known to those
of skill in the art and as described herein 1n example 2. Such
tests assess vertical and horizontal locomotor activity 1n a
familiar and novel environment after challenging them with a
pharmaceutical compound such as amphetamine that stimu-
lates dopamine activity in the brain, after subjecting animals
to stressful situation, or aiter restraining them. Once the
behavioral abnormalities have been established, those ani-
mals exhibiting the abnormalities characteristic of schizo-
phreniamay be used in screening pharmaceutical compounds
for their potential antipsychotic property, cognitive enhance-
ment, and their potential ability to reverse or ameliorate the
high dopaminergic activity in the brain. In addition, these
ammals may be used m studies to determine molecular
mechanisms of manifestation of schizophrenic symptoms,
and to study the natural progression of pathophysiology and
elfects of treatment.

In accordance with the method of the invention, two daily
injections of nerve growth factor (250 ng/ul/site) nto the
developing cerebral cortex at postnatal days 3 and 4 in rats
specifically induced apoptosis of subplate neurons and elimi-
nated them prematurely (FIGS. 9A, 9B). A control group of
rat pups received similar saline 1njections and did not show
any eflects on the viability of subplate neurons. Both experi-
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mental and control groups of rats were raised under standard
conditions, and they showed comparable growth and behav-
ioral patterns until 8 weeks of age, After the 8” week, only the
experimental amimals that receirved the nerve growth factor
started to exhibit a prolonged and enhanced response to
changes in the environment, and behaviors indicative of an
increased subcortical dopaminergic responsivity to injections
of d-amphetamine (FIGS. 1-6). Behaviors typically tested to
Identity enhanced dopaminergic responsivity include, but not
limited to, stress-induced hyperactivity, dopamimetic drug-
induced hyperactivity and stereotypy and abnormal social
interaction.

Histological examination of brains of these animals
showed apparently normal gross structure throughout the
brain. Only microscopic abnormalities were seen 1n the orga-
nization of synapses 1n the prefrontal cortex (FIG. 10A, 10B),
particularly in the pattern of distribution of GABAergic ter-
minals. Nerve growth factor treated animals also showed
decreased dopaminergic fibers 1n lower layers of the prefron-
tal cortex. The number of GABA ftransporter-1-containing,
synapses ol a particular type of cortical interneurons was
markedly diminished in NGF treated animals (FIG. 8A, 8B),
a feature consistently shown 1n postmortem brains of schizo-
phrema (Volk, Austin, Pierr1, Sampson and Lewis, American
Journal of Psychiatry 2001, 158: 256-2635; Woo, Whitehead,
Melchitzky and Lewis, Proceedings of the National Academy
of Science USA. 1998, 95: 5341-5346). In addition, nerve
growth factor treated animals showed relatively larger lateral
and third ventricular size 1n comparison to control animals.
Theretfore, daily injections of nerve growth factor into the
developing prefrontal cortex in postnatal day 2, 3 and 4 1n rat
pups resulted in adult-onset behavioral abnormalities and
cortical and ventricular abnormalities similar to that seen 1n
schizophrenic patients. In these anmimals, the remainder of
brain areas are apparently normal therefore allows standard
behavioral and cognitive testing.

To summarize, the present invention has for the first time
demonstrated a link between abnormal dopaminergic fiber
distribution in the prefrontal cortex and subcortical dopam-
inergic hyperresponsivity; the association between prefrontal
cortical subplate and dopaminergic fiber distribution within
the prefrontal cortex; the critical time to eliminate prefrontal
cortical subplate cells; and inducing apoptosis ol subplate
cells by intracerebral 1njections of nerve growth factor,

The mvention provides novel methods of producing animal
models (both rodent and non-human primate) showing neu-
ropathological and behavioral features of schizophrenia.
Therefore, this invention provides a unique animal model of
schizophrenia showing both behavioral and neuropathologi-
cal features 1n addition, no brain area in this model shows
oross structural damage, a feature seen 1n schizophrenic
brains.

The animal model of schizophrema produced by the
method of the invention may be used 1n screening pharma-
ceutical agents for their potential beneficial effect 1n the treat-
ment of schizophrenic symptoms. In addition, since there 1s
no gross structural damage to the hippocampus, amygdala or
the thalamus 1n this animal model, this model could be used 1n
tests for memory and cogmtive function. Therefore, the
present animal model can be used 1n screening pharmaceuti-
cal compounds for their potential effects 1n cognitive func-
tioming and memory impairment associated with schizophre-
nia. Currently, no suitable schizophrema animal models are
available for cognitive testing.

This invention provides behavioral, immunohistochemical
and neuropathological profiles in an animal model that are
seen 1 human schizophrenia. The present animal model
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mimics the condition and progression of the condition. Using
this 1n vivo model, one can screen and evaluate various poten-
tial therapies or other modalities for their effectiveness in
treating or alleviating schizophrenic symptoms and evaluate
any potential prophylactics in the prevention of schizophrenic
symptoms. Since the model 1s an 1n vivo model system it
replicates, or 1s analogous to, the human clinical condition
and theretfore, usetul in eliciting climical responses to poten-
tial antipsychotic and cognitive medications. Further, the
model provides a means to evaluate the effect of dosages,
routes of administration, schedules, delivery systems, drug
sensitivities, side effects and therapeutic efficacy for any
potential pharmaceutical compounds in the effective treat-
ment of schizophrema.

The above disclosure generally describes the present
invention. A more complete understanding can be obtained by
reference to the Ifollowing specific Examples. These
Examples are described solely for purposes of illustration and
are not mtended to limit the scope of the invention. Changes
in form and substitution of equivalents are contemplated as
circumstances may suggest or render expedient. Although
specific terms have been employed herein, such terms are
intended 1n a descriptive sense and not for purposes of limi-
tation.

EXAMPLES

The examples are described for the purposes of illustration
and are not intended to limit the scope of the invention.

Methods of synthetic chemistry, protein and peptide bio-
chemistry, molecular biology, neuroscience, behavioral sci-
ence and pharmacology referred to but not explicitly
described in this disclosure and examples are reported in the

scientific literature and are well known to those skilled 1n the
art.

Neonatal Injections

Neonatal rat pups received daily injections of nerve growth
factor into the developing prefrontal cortex at 2, 3 and 4 days
of age (similarly other animals such as mice or monkeys can
be 1njected at the appropriate neonatal or fetal period of
prefrontal cortical development characterized by the expres-
s1on of p’75 receptor 1n subplate cells). Scalp of rat pups were
sprayed with a topical anesthesia, and 1 ul of nerve growth
factor (250 nM/ul in saline, human recombinant Nerve
growth factor, Cedarlane Laboratories) was pressure injected
with a 30 gauges needle into the developing prefrontal cortex
on each side. Injections were made 1.5 mm 1n front of the
bregma which 1s visible through the scalp, 0.5 mm lateral to
the midline and 1.5 mm deep to the scalp surface. Injections
were made slowly over 10 sec and the needle was left 1n situ
for an additional 30 sec. Pups were kept separated from their
mother for approximately 20 min during injecttion sessions.
During this time they were kept warm. Control rat pups
received exactly similar treatment but 1njected with saline.
Experimental and control rats were marked with an ear punch
on the right and left ears, respectively. After injection session
pups were returned to their mother and allowed to grow under
standard conditions.

Behavioral Testing,

Animals at 5 or 10 weeks of age were habituated to the
testing area for three hours each on 2 consecutive days. On the
3rd day, animals were habituated for an hour and then injected
with saline (0.2 ml, 1.p.) and their behaviors were monitored
visually for an hour. They were then 1njected with d-amphet-
amine (5 mg/kg, 1.p.) and their behaviors were monitored for
an additional one-hour. An examiner who was blind to the
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amimal groups performed testlng Several behavioral mea-
SUres 111c1ud111g locomotion, rearing (vertical activity), sniil-
ing and grooming were monitored. Different cohorts of ani-
mals were used for testing at 5 and 10 weeks. For stress
response, animals were submerged 1n water at room tempera-
ture for 5 min 1n a large container, then they were placed 1n a
plexiglass box and their behaviors (similar to those described
above) were visually monitored,

For novelty induced stress response, animals were sub-
jected to novel environment or object and their motor behav-
1ors were monitored. Behavioral data was analyzed using
standard statistical methods (Rajakumar, Laurier, Niznik and

Stoess1, Synapse 1997, 26: 199-208).

Histological Methods

Both neonatally nerve growth factor or saline injected rats
were anesthetized with an intraperitoneal 1njection of sodium
pentobarbital (Somnatol, 40 mg/kg) at 5 weeks or 10 weeks of
age and perfused transcardially with a solution containing 4%
freshly depolymerized paratormaldehyde in 0.1 M phosphate
butffer at pH 7.4. Brains were removed, cryoprotected 1n 18%
buftered-sucrose for 24 hours at 4° C., and sectioned i1n a
freezing microtome 40 um thick sections were processed for
Nissl staining and immunohistochemistry as described pre-
viously (Rajakumar, Elisevich and Flumerfelt, Journal of

Comparative Neurology 1994, 350:324-336).
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The invention claimed 1s:

1. A non-human animal model of schizophrenia, wherein
said animal has had the subplate cells 1n die developing cere-
bral cortex prematurely eliminated in vivo by direct admin-
istration of nerve growth factor to the subplate cells of the
prefrontal cortex during a critical period when thalamic and
dopaminergic fibers begin to invade the developing prefrontal
cortex until the time the subplate cells under go natural death,
wherein said animal exhibits neuropathological and behav-
ioral features of schizophrenia upon maturation and has intact



US 7,902,421 B2

15

thalamic, hippocampal, cortical and subcortical circuits as
seen 1n human schizophrenic patients.

2. The animal model of claim 1, wherein said subplate cells
during said critical period substantially express the p75
receptor and substantially do not express the trkA receptor.

3. The animal model of claim 1, wherein the administration
of said nerve growth factor kills or suppresses the function of
the subplate cells.

4. The animal model of claim 3, wherein the administration
of said nerve growth factor promotes apoptosis of the sub-
plate cells.

5. The animal model of claim 1, wherein administration of
said nerve growth factor 1s done by single or multiple intrac-
erebral 1njection.

6. The animal model of claim 1, wherein said animal exhib-
its one or more of the following characteristics:

enhanced subcortical dopamine responsivity;

diminished GABA transporter-1 immunoreactive synapses

in the prefrontal cortex;

altered laminar distribution of GABAergic terminals 1n the

prefrontal cortex;

decreased density of dopamine fibers in the lower layers of

the prefrontal cortex; and

moderately enlarged lateral and third ventricles.

7. The animal model of claim 6, wherein said animal 1s
selected from the group consisting of rats, mice and monkeys.

8. The animal model of claim 7, wherein said animal 1s a rat
administered intracerebral 1injections of nerve growth factor
at days 2, 3 and/or 4 postnatally to prematurely eliminate said
subplate cells.

9. A method for making a non-human animal model of
schizophrenia, the method comprising: eliminating or sup-
pressing the activity of subplate cells 1n the developing cere-
bral cortex by direct administration of nerve growth factor to
the subplate cells of the prefrontal cortex during a critical
period of said animal, wherein said critical period 1s the time
when thalamic and dopaminergic fibers begin to invade the
developing prefrontal cortex until subplate cells of the pre-
frontal cerebral cortex die; and allowing the animal to mature
past puberty to exhibit neuropathological and behavioral fea-
tures of schizophrenia with intact thalamic, hippocampal,
cortical and subcortical circuits as seen 1n human schizo-
phrenic patients.

10. The method of claim 9, wherein said eliminating or
suppressing the activity of subplate cells 1s resulted from
apoptosis of said cells.

11. The method of claim 10, wherein said nerve growth
factor 1s administered by one or more 1ntracerebral injections
to said cerebral cortex.

12. The method of claim 9, wherein said subplate cells are
characterized by the expression of p73 receptor and substan-
tially no expression of a trkA receptor.

13. The method of claim 9, wherein said animal 1s selected
from the group consisting of rat, mouse and monkey.

14. The method of claim 13, wherein said animal exhibaits
one or more of the following characteristics;

enhanced subcortical dopamine responsivity;

diminished GABA transporter-1 immunoreactive syna-

pases 1n the prefrontal cortex; and

altered laminar distribution of GABAergic terminals 1n the
prefrontal cortex;

5

10

15

20

25

30

35

40

45

50

55

60

16

decreased density of dopamine fibers 1n the lower layers of

the pretrontal cortex; and

moderately enlarged lateral and third ventricles.

15. A method of testing the efficiency of a therapeutic agent
for treating schizophrenia, the method comprising;:

evaluating schizophrenia symptoms of the non-human ani-

mal of claim 1, wherein said animal has had the subplate
cells 1n the developing cerebral cortex prematurely
climinated 1n vivo by direct administration of nerve
growth factor to the subplate cells of the prefrontal cor-
tex during a critical period when thalamic and dopam-
inergic fibers begin to ivade the developing prefrontal
cortex until the time the subplate cells undergo natural
death, wherein said animal exhibits neuropathological
and behavioral features of schizophrenia upon matura-
tion and has 1ntact thalamic, hippocampal, cortical and
subcortical circuits as seen 1 human schizophrenic
patients, and wherein said symptoms comprise one or
more of:
enhanced subcortical dopamine responsivity;
diminished GABA transporter-1 immunoreactive syna-
pascs 1n the prefrontal cortex; and
altered laminar distribution of GABAergic terminals 1n
the prefrontal cortex;
decreased density of dopamine fibers 1n the lower layers
ol the prefrontal cortex;
moderately enlarged lateral and third ventricles;
decreased cogmitive function; and
memory impairment;

contacting said animal with a therapeutic agent; and

re-evaluating the symptoms of said animal, wherein reduc-

tion of one or more of the symptoms of the progress of
disease of said amimal indicates that the therapeutic
agent 1s elficacious for treating schizophrenia.

16. The method of claim 15, wherein said subplate cells
during said critical period express the p75 receptor and sub-
stantially do not express the trk A receptor.

17. The method of claim 16, wherein the administration of
said nerve growth factor kills Or suppresses the function of
the subplate cells.

18. The method of claim 17, wherein the administration of
said nerve growth factor promotes apoptosis of the subplate
cells.

19. The method of claim 15, wherein administration of said
nerve growth factor 1s done by single or multiple intracerebral
injection.

20. A post-natal or fetal non-human animal substantially
devoid of subplate cells 1n the developing prefrontal cerebral
cortex, the apoptosis of said cells by the direct administration
of nerve growth factor to the subplate cells of the prefrontal
cortex, wherein said amimal has intact thalamic, hippocampal,
cortical and subcortical circuits as seen 1 human schizo-
phrenic patients.

21. The amimal of claim 1 wherein said animal 1s post-natal
or fetal, said animal exhibiting substantially impaired sub-
plate function 1n the developing prefrontal cortex following
administration of the nerve growth factor.

22. The animal of claim 20, wherein said animal 1s allowed
to mature and exhibits neuropathological and behavioral fea-
tures of human schizophrenia.
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